NiRs (nitrite reductases) convert nitrite into NO in the denitrification process. RpNiR (Ralstonia pickettii NiR), a new type of dissimilatory Cu-containing NiR with a C-terminal haem c domain from R. pickettii, has been cloned, overexpressed in Escherichia coli and purified to homogeneity. The enzyme has a subunit molecular mass of 50515 Da, consistent with sequence data showing homology to the well-studied two-domain Cu NiRs, but with an attached C-terminal haem c domain. Gel filtration and combined SEC (size-exclusion chromatography)-SAXS (small angle X-ray scattering) analysis shows the protein to be trimeric. The metal content of RpNiR is consistent with each monomer having a single haem c group and the two Cu sites being metallated by Cu 2+ ions. The absorption spectrum of the oxidized as-isolated recombinant enzyme is dominated by the haem c. X-band EPR spectra have clear features arising from both type 1 Cu and type 2 Cu centres in addition to those of low-spin ferric haem. The requirements for activity and low apparent K m for nitrite are similar to other CuNiRs (Cu-centre NiRs). However, EPR and direct binding measurements of nitrite show that oxidized RpNiR binds nitrite very weakly, suggesting that substrate binds to the reduced type 2 Cu site during turnover. Analysis of SEC-SAXS data suggests that the haem c domains in RpNiR form extensions into the solvent, conferring a high degree of conformational flexibility in solution. SAXS data yield R g (gyration radius) and D max (maximum particle diameter) values of 43.4 Å (1 Å = 0.1 nm) and 154 Å compared with 28 Å and 80 Å found for the two-domain CuNiR of Alcaligenes xylosoxidans.
INTRODUCTION
In the nitrogen cycle, the biological reduction of NO 3 − to N 2 , via the intermediates NO 2 − , NO and N 2 O, is called denitrification [1, 2] . It is an anaerobic respiratory process coupled to ATP generation. This pathway is found widespread in organisms ranging from bacteria to archaea and even fungi. In some organisms, this reaction sequence is truncated and N 2 O is the major product [3] . Denitrification is of major significance in terrestrial and oceanic nitrogen cycling, and is not only important from a microbial bioenergetics perspective, but also has an agricultural and environmental impact. Benefits are the removal of excess nitrogen from the environment, counteracting NO 3 − pollution of ground and drinking water. However, negative economic and environmental consequences arise from agricultural productivity being adversely affected by the loss of available fixed nitrogen applied as a fertilizer for plant growth, and the increasing contribution to global warming and destruction of the ozone layer, because N 2 O is not only a major greenhouse gas, but also a natural catalyst of stratospheric ozone degradation. The denitrification process is also considered to be of medical importance as many of the infectious pathogens, including Brucella melitensis, Neisseria gonorrhoeae and Neisseria meningitidis, use denitrification to grow under low-oxygen conditions by respiration of nitrate.
In the denitrification pathway, the first committed step is the one-electron reduction of nitrite to the gaseous product NO catalysed by NiR (nitrite reductase). There are two main categories of dissimilatory NiRs containing either haem cd 1 (cytochrome cd 1 NiR) or two types of Cu centres (CuNiR) as prosthetic groups, encoded by nirS and nirK respectively. In general, CuNiRs are a highly conserved enzyme family and reflecting this, the enzymes isolated from a wide range of organisms have very similar properties containing only two types of metal centres, an electron-accepting type 1 Cu site and a catalytic type 2 Cu centre. Crystallographic structures of AcNiR (Achromobacter cycloclastes CuNiR) (PDB entry 2NRD) [4, 5] , Af NiR (Alcaligenes faecalis S-6 CuNiR) (PDB entry 1AS7) [6, 7] , AxNiR (Alcaligenes xylosoxidans CuNiR) (PDB entry 1BQ5) [8, 9] and RsNiR (Rhodobacter sphaeroides CuNiR) (PDB entry ZA3T) [10, 11] reveal that they are homotrimers with very similar overall structures. The type 1 Cu centres, which function as an acceptor of electrons from the physiological electron donor, are located within each subunit and co-ordinated by two histidines, a cysteine and a methionine residue. The type 2 Cu centres are situated at the interface between subunits and co-ordinated by three histidine residues provided by two different subunits and a water molecule. Spectroscopic and structural studies, including time-resolved structures, show that the type 2 Cu site is involved in the binding and reduction of nitrite to NO [7, 12] . The distance between two Cu sites within a subunit is ∼ 13 Å (1Å = 0.1 nm), and the Cu 2+ ions are linked by a histidine-cysteine bridge that promotes an efficient electron transfer from the type 1 to the type 2 Cu centre during catalysis. Small Cu-proteins, such as azurins and pseudoazurins, or bacterial c-type cytochromes, can donate electrons to CuNiRs [1] . On the basis of the colour of the oxidized type 1 Cu centre, CuNiRs are classified into two subclasses, blue and green. The blue CuNiR from A. xylosoxidans shows an absorption band at 595 nm caused by the S (Cys) π →Cu 2 + charge transfer transition of type 1 Cu [13] . The green CuNiRs from A. cycloclastes [14] , A. faecalis [15] and R. sphaeroides [16] show two bands at approximately 460 nm and 590 nm caused by the S (Cys) 'pseudo σ '→Cu 2 + and S (Cys) π →Cu 2 + charge transfer transitions of type 1 Cu respectively [17] . The difference is also reflected in the EPR spectra of the oxidized type 1 Cu sites with either axial or rhombic signal for the blue and green CuNiRs respectively [18] .
HdNiR (Hyphomicrobium denitrificans NiR) is a more recently described class of CuNiR, containing an additional type 1 Cu site [19, 20] . The crystal structure of HdNiR shows a trigonal prismshaped homohexamer [21] , in which the monomers are organized into an N-terminal domain containing the type 1 Cu N site and Cterminal domains that are similar in organization to other CuNiRs that contain the type 1 Cu C and type 2 Cu catalytic centre. The type 1 Cu C functions as an electron acceptor from an electron donor protein and then transfers an electron to the type 2 Cu, which catalyses the reduction of nitrite to NO. The function of the additional type 1 Cu N centre is not yet established.
Compared with these well-characterized NiRs, the genome analysis of a wide range of organisms shows them to contain a novel-type NiR, with type 1 and type 2 Cu centres, but with an attached C-terminal haem c domain. These sequences are present in Bdellovibrio bacteriovorus, Chromobacterium violaceum [22] , Pseudoalteromonas haloplanktis [23] and Ralstonia pickettii [24] . The crystal structure of haem c-containing CuNiR in P. haloplanktis, PhNiR, has been released (PDB entry 2ZOO). However, no biochemical/functional characterization of a haem ccontaining CuNiR has yet been published. In the present study, we provide the first report on this class of NiR by studying the haem c Cu1 (type 1 Cu)-Cu2 (type 2 Cu) NiR from R. pickettii, RpNiR. R. pickettii is an aerobic Gram-negative rod-shaped bacterium, which can survive in environments with low nutrients and high concentrations of metals, such as Cu, Zn and Fe. These traits make it an ideal candidate in the field of bioremediation [25] . The biochemical and structural characterization of RpNiR, which exhibits different spectroscopic and functional features from other purified CuNiRs, provides the first insight into this recently discovered class of haem-CuNiRs.
EXPERIMENTAL

Materials
R. pickettii strain NCIMB 13142 was obtained from NCIMB. All chemicals and reagents were of reagent grade or ultra-pure quality and commercially available.
Preparation of RpNiR
On the basis of the genome sequence of R. pickettii strain 12J (GenBank ® accession number NC_010678), two PCR primers (forward, 5 -GCGCTGTATCAAAGCCCTAATGG-3 and reverse, 5 -ATAGGTGGCCCCGTGTGC-3 ) were designed to amplify the gene encoding NiR on the chromosome of R. pickettii strain NCIMB 13142. The genomic DNA of R. pickettii strain NCIMB 13142 as a template was prepared by using a Genomic DNA Extraction Kit (Sigma). The reaction was performed for 30 cycles: 30 s at 94
• C, 30 s at 55
• C, and 105 s at 72
• C. The amplified DNA segment was purified and subjected to nucleotide sequencing. According to the sequencing result, a pair of PCR primers (sense, 5 -GCGCATCCATATGAGCCGTCTTCACACC-3 and antisense, 5 -ATTCTCGAGTCAATGTTCGGCCACGGCCTTG-3 ; underlining indicates NdeI and XhoI restriction sites) were synthesized to clone the NiR gene from R. pickettii strain NCIMB 13142. The PCR products were digested with NdeI and XhoI (Fermentas) and cloned into the prokaryotic expression vector pET-26b (Novagen) to produce the recombinant plasmid pET26b-RpNiR. The recombinant clone pET26b-RpNiR was verified by DNA sequencing.
The recombinant clone pET26b-RpNiR was transformed into Escherichia coli strain BL21(DE3) (Novagen) containing the plasmid pEC86 that encodes the cytochrome c maturation genes ccmABCDEFGH in E. coli [26] . Freshly transformed bacteria were grown in a modified TB (Terrific broth) medium [12 g/l tryptone, 24 g/l yeast extract, 10 g/l NaCl, 4 ml/l glycerol and a trace metals mixture (2 μM CoCl 2 , 10 μM MgCl 2 , 10 μM ZnSO 4 , 50 μM FeCl 3 and 2 μM NaCl)] supplemented with 50 μg/ml kanamycin and 34 μg/ml chloramphenicol at 37
• C for 7 h. Subsequently, both CuSO 4 and haemin (dissolved in 0.1 M NaOH) were added at final concentrations of 0.1 mM and 2 μg/ml respectively. The culture was incubated at 20
• C overnight without induction. The cells were harvested by centrifugation (5000 g, 10 min, 4
• C) and suspended in buffer A (20 mM Tris/HCl, pH 8.4) supplemented with lysozyme (0.5 mg/ml) and Protease Inhibitor Cocktail Set (Merck). After sonication treatment on ice, the mixture was centrifuged to yield a clear supernatant, which was loaded on to a column with DEAE resin (Sigma) pre-equilibrated in buffer A. The fraction containing RpNiR was eluted with buffer B (20 mM Tris/HCl, pH 8.4, and 50 mM NaCl), then was applied on to a HiLoad 16/60 Superdex 200 gel-filtration column (GE Healthcare) with buffer C (20 mM Tris/HCl, pH 8.4, and 200 mM NaCl). RpNiR was dialysed against buffer D (20 mM Tris/HCl, pH 8.4, and 0.1 mM CuSO 4 ) for reconstitution of type 2 copper sites. The fraction was then dialysed exhaustively against three changes of buffer E (10 mM Tris/HCl, pH 8.4) with a minimum equilibration period of 5 h between buffer changes. The RpNiR samples were pooled and concentrated by ultrafiltration with an Amicon centrifugal filter device. All purification, dialysis and concentration procedures were performed at 4
• C. The protein concentration was determined by a Bradford assay using BSA as a standard. ESI-MS (electrospray ionization MS) analysis was used to determine the molecular mass of RpNiR.
Oligomeric state was studied by gel-filtration chromatography using anÄKTA purifier system (GE Healthcare). The protein sample was chromatographed on a HiLoad 16/60 Superdex 200 preparation-grade column with buffer F (20 mM Tris/HCl, pH 8.0, and 200 mM NaCl) at a flow rate of 1 ml·min − 1 . The Superdex 200 column was precalibrated with the following standards: ferritin (440 kDa), aldolase (158 kDa), ovalbumin (43.0 kDa) and ribonuclease A (13.7 kDa) (GE Healthcare). The void volume of the column (45.24 ml) was determined using Blue Dextran (2000 kDa). The apparent molecular mass of RpNiR was derived from a plot of the partition coefficient, K av , against log molecular mass.
Spectroscopic methods
UV-visible spectra were recorded at room temperature (25 • C) on a Varian Cary Bio 300 UV-Vis spectrophotometer. The protein sample was prepared at 5.5 mg/ml in 10 mM Tris/HCl, pH 8.4. EPR spectra of RpNiR were recorded at 20 K using a Bruker ELEXSYS E500/E580 EPR spectrometer fitted with an Oxford Instruments ESR900 helium flow cryostat coupled to an ITC 503 c The Authors Journal compilation c 2012 Biochemical Society controller from the same manufacturer. The protein sample was 7.7 mg/ml in 100 mM Mes/NaOH, pH 6.5. The microwave power was 0.5 mW, the modulation frequency was 100 kHz and the modulation amplitude was 6 G. The g values given were calculated using the software package supplied with the instrument. EPR spectra of nitrite-bound RpNiR were obtained by buffer exchange into 100 mM Mes, pH 5.5, containing 200 mM NaCl using a BioGel P6DG column. After elution from the column, the sample was divided and nitrite was added to give samples containing 5 mM, 10 mM, 25 mM and 50 mM nitrite respectively. The final protein concentration of the mixture was 3.6 mg/ml. Immediately following the addition of nitrite, these samples were flash-frozen in EPR tubes by immersion in liquid N 2 . Procedures requiring prolonged exposure to pH 5.5 buffers in liquid solution (dialysis etc.) were avoided, as preliminary experiments had shown that this leads to the formation of irreversibly damaged protein with distinct Cu 2 + g and A parameters.
Metal analysis
Metal analysis was performed using an Agilent 7500cx inductively coupled plasma mass spectrometer. 
Nitrite binding studied by equilibrium gel-permeation chromatography
RpNiR (0.4 ml, initially 13 mg/ml) was passed through a column (0.7 cm×10 cm) of Bio-Gel P6DG equilibrated with 20 mM Mes/NaOH, pH 5.5, 200 mM NaCl and 0.25 mM NO 2 − . Before the addition of enzyme solution, equilibration was taken to be established when the concentration of NO 2 − in the effluent from the column was the same as that of the buffer applied to the column. When equilibration was established, RpNiR was loaded and the column effluent was collected in Eppendorf tubes in approximately 250 μl fractions. Their volumes were subsequently determined by weighing. The concentration of NO 2 − in the effluent was measured colorimetrically [27] . The protein concentration in each fraction (determined after diluting a 100 μl sample to 1 ml with buffer) was determined from the A 408 using the experimentally determined value of A = 2.34 for a solution of 1 mg of RpNiR per ml. The amount of NO 2 − bound to RpNiR was calculated by subtracting the baseline concentration value. The molecules of ligand bound per molecule of enzyme were calculated using a value for the monomer molecular mass of RpNiR.
Enzymatic activity measurements
The nitrite reductase activity of RpNiR was measured using Methyl Viologen reduced with an excess of sodium dithionite. For the enzymatic step, a 2 ml assay was prepared containing 0.25 M Mes, pH 6.5, 0.1 mM sodium nitrite, 0.5 mM Methyl Viologen and appropriately diluted enzyme. The reaction was initiated by the addition of 0.5 mM sodium dithionite. After 5 min at room temperature, the reaction was stopped by oxidation of dithionite through vigorous stirring. The quantification of residual nitrite was performed by the Griess method [27] . One unit of enzyme activity is defined as the amount of enzyme that catalysed the reduction of 1 μmol of nitrite per min.
The apparent K m for nitrite was measured anaerobically using a continuous spectrophotometric assay with sodium dithionite as reductant and following its depletion at 315 nm (ε 315 = 8 mM 
NO detection
NO production by RpNiR was measured spectrophotometrically using deoxyHb (deoxyhaemoglobin) as an NO scavenger and observing the spectral changes upon binding of NO to deoxyHb as described previously [28] .
Small angle X-ray scattering studies SAXS (small angle X-ray scattering) data for RpNiR were collected at the SWING beamline at the SOLEIL synchrotron using the combined SEC (size-exclusion chromatography)-SAXS instrument [29] . RpNiR (40 μl of 9.2 mg/ml) was loaded on to a Shodex KW402.5-4F 150 kDa SEC column pre-equilibrated with 20 mM Tris/HCl, pH 7.4, and 150 mM NaCl, at a flow rate of 40 μl/min. Protein eluate passed into the sample flow cell where it was exposed to 1.03 Å X-rays with a sample-to-detector distance of 180 cm. A total of 230 frames of SAXS data were taken over the course of protein elution, with 20 frames before the column void volume to facilitate the deduction of scattering from the buffer. Each exposure lasted 2 s with 1 s of dead time. Buffer exposures were analysed for incongruities and subtracted from those frames corresponding to the RpNiR elution peak maxima, as determined by analysis of I(0). Averaging and subtraction were performed at SWING with the Foxtrot program.
A Guinier approximation was performed with Primus [30] over the region qR g <1 (q = 4 π sin θ /λ and R g is gyration radius). Profile regularization and distance distribution function analysis were performed with Gnom [31] . Scattering data for AxNiR was collected at the CCLRC (Council for the Central Laboratory of the Research Councils) Daresbury Laboratory as described previously [32] . The calculated scattering profile of PhNiR was predicted with Crysol [33] from the PDB entry 2ZOO and was analysed similarly. Molecular mass estimation was performed by analysis of Kratky plots using the MoW applet [34] .
RESULTS AND DISCUSSION
Production, enzymatic activity, sequence and metal analysis of RpNiR
The nucleotide sequence of the RpNiR gene in the R. pickettii strain NCIMB 13142 has been deposited into GenBank ® under the accession number JN227882. The RpNiR gene encodes a protein of 499 amino acids, which includes an N-terminal signal peptide to target the gene product to the periplasm where maturation of cytochrome c takes place. The accessory plasmid pEC86, with the E. coli cytochrome c maturation system, was co-expressed in E. coli to facilitate the recombinant production of RpNiR. We performed the autoinduction system to permit the lactose induction of expression from pET plasmid in a complex medium [35] , because the conventional procedure of protein expression by IPTG (isopropyl β-D-thiogalactopyranoside) induction in LB (Luria-Bertani) broth resulted in RpNiR accumulation in inclusion bodies. After incubation at 20
• C overnight, the harvested cells produced pink pellets. The crude extract was loaded on to a DEAE anion-exchange column and then a gel filtration column, and resulted in a pink protein, which appears as a single band on an SDS/PAGE gel (Supplementary Figure S1 at http://www.BiochemJ.org/bj/444/bj4440219add.htm). The yield of pure recombinant RpNiR from E. coli was ∼ 3.4 mg from a 1 litre culture. The N-terminal signal peptide consists of residues 1-31 predicted by the SignalP server 3.0 [36] . The mature protein therefore consists of 468 residues with a calculated pI of 6.45 and one binding motif for c-type haem group. The LC (liquid chromatography)-ESI-MS spectral data gave a 50515 Da molecular mass for the recombinant RpNiR, which is in good agreement with the theoretical molecular mass of 49893 Da calculated according to the mature amino acid sequence from prediction, plus an additional mass of 616.5 Da for one haem c. In the gel-filtration experiment, the size-exclusion chromatography of RpNiR showed only one peak with an elution volume of 71.06 ml (Supplementary Figure  S2 at http://www.BiochemJ.org/bj/444/bj4440219add.htm), corresponding to an apparent molecular mass of ∼ 168 kDa. Since the molecular mass of RpNiR is 50515 Da, it is clearly a trimer in solution, similar to other CuNiRs, with the exception of the hexameric HdNiR, which exhibits an apparent molecular mass of ∼ 304 kDa [21] .
The metal content of RpNiR was measured by inductively coupled plasma MS. When the protein concentration was 5.8 μM (calculated as monomer), the concentrations of Cu, Zn, and Fe in RpNiR were 8.73 μM, 2.08 μM and 5.08 μM respectively. These data are consistent with each monomer of RpNiR having a single haem c group and the two expected Cu sites being metallated primarily by Cu 2+ ions. Sequence alignment of NiRs from P. haloplanktis and R. pickettii shows them to be approximately 60 % identical (Figure 1 ). Since the structure of PhNiR has been determined, the conserved key residues providing ligands to the metal centres of RpNiR can be assigned. The specific activity of RpNiR assayed using Methyl Viologen as electron donor was 93 μmol of nitrite reduced/mg per min, a value comparable with that of AxNiR [13] . The apparent K m for nitrite was 23.7 + − 2.3 μM and the product of the reaction was identified as NO, indicating that as far as its function is concerned, RpNiR is a nitrite reductase where Cu1-Cu2 nitrite reductase architecture is linked to an additional C-terminal haem c domain.
Nature of metal centres: optical and EPR spectroscopy and gel permeation chromatography
The features of haem dominated the absorption spectrum of the recombinant air-oxidized form of RpNiR with maxima at 408 nm and 525 nm (Figure 2 ). After reduction with a 20-fold molar excess of sodium dithionite, RpNiR shows absorption maxima at 416 nm (Soret-band), 522 nm (β-band) and 554 nm (α-band), indicating a typical c-type cytochrome spectrum. We did not observe an absorption band around 590 nm in the oxidized state arising from the S (Cys) π→Cu 2 + charge-transfer transition of a 'blue' type 1 Cu centre, even in the presence of oxidants K 2 IrCl 6 or K 3 Fe(CN) 6 . However, the molar extinction coefficient for the 590 nm absorption band associated with 'blue' type 1 Cu centres is ∼ 5 mM − 1 · cm − 1 or ∼ 1.5 mM − 1 · cm − 1 in the case of 'green' type 1 Cu centres, which makes the observation of these broad bands difficult in the presence of intense bands from haem c.
The X-band EPR spectrum of RpNiR in the oxidized state (Figure 3) shows the presence of low-spin ferric haem together with type 1 and type 2 Cu centres. Only the g z component of the rhombic low-spin haem spectrum is clearly visible, the g y component being hidden under the Cu 2 + contributions to the spectrum and the g x too broad to detect at these concentrations. The g z value of 3.16, together with a minor component with g z = 3.00, is consistent with a c-type cytochrome exhibiting histidine-methionine axial co-ordination to the haem iron and approximate V/ of 0.5 [38] . There is clear evidence for two overlapping spectra arising from two types of copper centre, a rhombic type 1 Cu spectrum with g z = 2.22, g y = 2.09 and g x = 2.03 having A Z Cu = 4.8 mT, A Y Cu ≈ 0 mT and A X Cu = 7.0 mT, and an axial type 2 Cu spectrum with g = 2.36, g ⊥ = 2.05 having A Cu = 10.0 mT and A ⊥ Cu ≈ 0 mT. The observation of a rhombic EPR spectrum arising from the type 1 Cu centre is consistent with the presence of a 'green' type 1 Cu, accounting for the very weak absorbance features being concealed by the haem absorbance. Both the green colour and the rhombic EPR arise from a tetragonal (i.e. towards square planar) distortion of the tetrahedral ligand arrangement around the Cu 2+ ion, originating from a shortened Cu-S(Met) bond [17] . This tetragonal distortion allows for mixing of the d z 2 orbital into the d x 2 − y 2 HOMO (highest occupied molecular orbital) and this increase in d z 2 orbital character is sufficient to cause a rhombic type 1 Cu EPR spectrum to be observed. Such spectra are observed for the 'green' nitrite reductases AcNiR [14] , RsNiR [16] and the N-terminal extended HdNiR [19] . It should be noted that due to the presence of the haem c, RpNiR solutions are red-brown and not the classic green/bluegreen of the aforementioned NiRs.
For many NiRs, changes in the g and A Cu EPR parameters of the T2 ox site in the presence of nitrite are readily observed and have been reported for AxNiR [12] , AcNiR [39] , RsNiR [16] and Af NiR [40] . At the protein concentrations used for EPR measurements, a 2-fold excess of nitrite relative to [T2 ox ] is sufficient for complete interconversion of these species. Nitrite binding to AxNiR [41] , RsNiR [42] and Af NiR [43] has been shown to be pH-dependent with K d for AxNiR decreasing from <30 to 350 μM between pH 5.2 and 7.5.
Figure 4 Measurement of nitrite binding to RpNiR using gel permeation chromatography
Binding of NO 2 − was measured by gel permeation chromatography as described by Abraham et al. [41] . RpNiR (400 μl of a 13 mg/ml solution) was loaded on to a Bio-Gel P6DG column (0.7 cm×10 cm) equilibrated with 20 mM Mes/NaOH, pH 5.5, 200 mM NaCl and 0.25 mM NaNO 2 . Fractions were collected and A 408 (᭹) was measured to determine the concentration of RpNiR after appropriate dilution. The NO 2 − concentrations of the tube contents were determined colorimetrically by A 540 () as described in the Experimental section.
In contrast with these findings, the EPR spectrum of RpNiR (Figure 3 ) was markedly insensitive to the addition of nitrite. A low pH of 5.5 and millimolar concentrations of nitrite were necessary to produce changes in the EPR spectrum, and the changes observed were unlike those of other NiRs. Figure 3(C) shows the two low field components of the type 2 Cu g quartet and the effects of nitrite. Nitrite binding specifically diminishes the intensity of the lowest field component of the quartet, whereas there were no changes in type 2 Cu g and A
Cu
.
Because the high nitrite concentration required to elicit these changes in the type 2 Cu EPR spectra of RpNiR was so unexpected, we used equilibrium gel permeation chromatography to investigate nitrite binding to the oxidized enzyme. The utility of this method when applied to NiR was shown in a study of AxNiR [41] where, under similar conditions to those used in the present study, full occupancy of the type 2 sites by nitrite was observed. The results in Figure 4 show that at pH 5.5 nitrite binding to RpNiR was observable but, in marked contrast with AxNiR, was at the limit of detection. Quantification across the RpNiR elution profile indicated that only ∼ 12 % of the enzyme bound nitrite. This low occupancy accounts for the concentration-dependence effects on the EPR spectra described above, showing that the oxidized enzyme has a very low affinity for nitrite and contrasts with other CuNiRs that have been investigated.
Since the activity and nitrite concentration dependence of RpNiR for activity is similar to other CuNiRs, the difference in affinity for the oxidized enzyme may have mechanistic significance. It can be accounted for in the random-sequential mechanism for NiR function in which two parallel routes differing in the sequence of electron transfer and nitrite binding are possible. This model was developed by Wijma et al. [43] for Af NiR, based on thin-film voltammetry data indicating that at low concentrations nitrite binds to T2 red but at higher concentrations it binds to the T2 ox state. The catalytic rates for both routes in this system are also pH dependent and the apparent K m for nitrite binding to T2 ox corresponds to the measured K d for the oxidized enzyme. Our results for RpNiR are consistent with a different balance between the two routes compared with other NiRs, with nitrite binding predominantly to the T2 red centre during turnover. Thus electron transfer from the type 1 to the type 2 Cu site occurs before nitrite binds, possibly driven by the presence of the tethered haem c domain accelerating electron transfer to the type 1 Cu site.
Structural insight using SEC-SAXS approach
The experimental SAXS profile of RpNiR and the SAXS profile of PhNiR computed using its crystal structure (PDB entry 2ZOO) have a similar overall shape ( Figure 5A ). However, the PhNiR profile has a number of pronounced features common to compact, roughly spherical, proteins. Some of these aspects are shared to a lesser extent with the solution profile of RpNiR, particularly a minima at ∼ 0.28 Å − 1 . This relationship indicates a protein with common structural motifs but without the compactness, at least in solution, as reflected by substantial differences between the R g and D max for the two proteins ( Table 1 ). The crystal structure of PhNiR has a R g value of 32.3 Å and D max value of 90 Å. Using online SEC-SAXS, we find that RpNiR has a R g value of 43.4 Å and D max value of 154 Å. The molecular mass for the two proteins in solution are almost identical as determined by SAXS molecular mass estimation (133 kDa for PhNiR and 138 kDa for RpNiR). A comparison of RpNiR with the well-characterized AxNiR is presented in Figure 5 (B). AxNiR SAXS parameters (R g value of ∼ 28 Å and D max value of 80 Å) deduced from this curve [32] and derived from crystal structure (PDB entry 2XWZ) are similar to those of PhNiR, even though the latter protein has a much higher molecular mass due to an additional C-terminal haem c domain ( Figure 5A, inset) . The SAXS size parameters of RpNiR describe a protein in solution occupying a conformational space nearly twice that of AxNiR and suggest that the bulk of the RpNiR molecules may be in a highly extended conformation ( Figure 5B ).
The differences observed for PhNiR and RpNiR may be genuine or may have resulted from a conformational selection during PhNiR crystal growth or may represent different functional states. The unpublished nature of experimental details associated with PhNiR makes an informed discussion impractical at this stage and much more structural work is required on both systems. In order to provide further insight into the type of conformational structures that haem c Cu1-Cu2 NiRs represented by RpNiR SEC-SAXS data, a simple model of RpNiR was built using the crystal structures of AxNiR and PhNiR. The terminal amino acid of the AxNiR β-barrel is 329. This is followed by six amino acids that run parallel to this β-barrel. This region corresponds to amino acids 308-314 of the PhNiR crystal structure (PDB entry 2ZOO). The crystal structure of PhNiR places the type 1 Cu-type 2 Cu domain from one monomer close to the haem c domain of an opposing monomer, bringing the haem c to ∼ 16 Å from the type 1 Cu centre, a distance where electron transfer is feasible. This conformation is facilitated by the long loop, 38 amino acids, between these two domains in PhNiR. We changed the course of the 38 amino acid loop connecting the Cu and haem c domains to follow a path parallel to the last strand of the PhNiR β-barrel in a manner similar to residues 329-335 of AxNiR. This effectively moved the three haem c domains into spaces adjacent to the long edges of the Cu domain trimer ( Figure 5B) . The model thus created provided a surprisingly good similarity to the experimental SAXS data of RpNiR and associated parameters. This model gives an R g value of 45.2 Å and D max value of 145 Å, which relate well to the experimental values of 43.4 and 154 Å ( Figure 5C ).
We propose that, in solution, the haem c domains in haem c Cu1-Cu2 NiRs represented by RpNiR form extensions into the solvent, conferring a high degree of conformational flexibility useful for fruitful interactions with redox partners as well as being able to come close enough to the Cu centres to deliver the electrons for catalytic turnover, as is evidenced in the crystal structure of PhNiR.
Conclusions
In summary, our present work on recombinant RpNiR provides the first biochemical and spectrochemical characterization of a novel Cu haem c Cu1-Cu2 dissimilatory NiR. On the basis of sequence comparison with the structurally characterized related enzyme PhNiR, together with EPR, optical spectroscopy and metal analysis, we show that RpNiR contains the usual type 1 Cu centres and a type 2 Cu centre linked through the neighbouring Cys-His residues, but has an attached C-terminal haem ccontaining domain. Structural insight into RpNiR was provided by comparison of experimental SAXS data with the calculated scattering curve for PhNiR. Combined SEC-SAXS data and gelfiltration studies show that RpNiR is trimeric in solution, but has a high degree of conformational flexibility. The high millimolar binding affinity of the oxidized enzyme for nitrite despite its having a low micromolar apparent K m suggests that the reduced branch of the random-sequential mechanism for NiR function predominates for RpNiR. In this case, during the catalytic cycle, electron transfer from the type 1 to the type 2 Cu site occurs before nitrite binds to the reduced type 2 Cu centre.
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